Postpartum depression is a severe emotional and mental disorder that involves maternal care defects and psychiatric illness. Postpartum depression is closely associated with a combination of physical changes and physiological stress during pregnancy or after parturition in stress-sensitive women. Although postpartum depression is relatively well known to have deleterious effects on the developing fetus, the influence of genetic risk factors on the development of postpartum depression remains unclear. In this study, we discovered a novel function of T cell death-associated gene 51 (TDAG51/PHLDA1) in the regulation of maternal and depressive-like behavior. After parturition, TDAG51-deficient dams showed impaired maternal behavior in pup retrieving, nursing and nest building tests. In contrast to the normal dams, the TDAG51-deficient dams also exhibited more sensitive depressive-like behaviors after parturition. Furthermore, changes in the expression levels of various maternal and depressive-like behavior-associated genes regulating neuroendocrine factor and monoamine neurotransmitter levels were observed in TDAG51-deficient postpartum brain tissues. These findings indicate that TDAG51 plays a protective role against maternal care defects and depressive-like behavior after parturition. Thus, TDAG51 is a maternal careassociated gene that functions as a crucial regulator of maternal and depressive-like behavior after parturition.
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Introduction
Maternal behavior represents an instinctive pattern of caring for an offspring by a mother [1] . The physical and physiological changes that occur in response to pregnancy and parturition may cause maternal depression, which has deleterious effects on maternal behavior [2] . Postpartum depression is a severe emotional and mental disorder that is becoming a serious social issue; this condition needs adequate attention as it can lead to infant abuse or infanticide caused by deficient or weakened maternal care. It is estimated that approximately 50-80% of women experience a short period of mild depression (baby blues) during a period of pregnancy or after parturition, 10-15% of women have more serious symptoms of postpartum depression, and 0.1-0.2% of women suffer postpartum psychosis [3] [4] [5] [6] [7] . The biological risk factors of postpartum depression are not well identified, while many psychosocial factors, such as a personal history of psychiatric illness, poor partner/social/financial support and alcohol/drug abuse, and many obstetric factors, such as unplanned pregnancy, pregnancy complications and delivery modes, have been historically well studied [5, [8] [9] [10] [11] . In particular, the genetic risk factors underlying postpartum depression remain largely unknown, although a few gene functions or polymorphisms theoretically linked to an increased risk of postpartum depression have been reported [4, [12] [13] [14] [15] [16] . Thus, to better understand the underlying causes of postpartum depression based on genetic risk factors, identifying genes or gene functions possibly associated with postpartum depression is necessary.
T cell death-associated gene 51 (TDAG51), which is also known as pleckstrin homologylike domain (PHL) family A member 1 (PHLDA1), contains an N-terminal PHL domain, a Cterminal proline-glutamine (PQ)-repeat domain and a proline-histidine (PH)-repeat domain and functions as a transcription factor [17] . We have previously shown that TDAG51-deficient (TDAG51 -/-) mice have no developmental abnormalities and do not exhibit a failure of secondary lymphoid organs and alterations in T cell apoptosis [18] . Interestingly, previous studies conducted by our group and other researchers have shown that TDAG51 is highly inducible in response to diverse cellular stresses, including endoplasmic reticulum stress, heat shock and oxidative stress [19] [20] [21] . TDAG51 is ubiquitously expressed in most organs and is present at high levels in the brain, thymus, lung and liver relative to other tissues [17] . Interestingly, previous studies have reported that TDAG51 expression is significantly altered in the anterior temporal neocortex in patients with intractable epilepsy, immature rat brain tissues following lipopolysaccharide exposure and the spinal cord in a mouse model of amyotrophic lateral sclerosis [22] [23] [24] . Furthermore, TDAG51 is strongly upregulated in the hippocampus and cerebral cortex in response to chronic mild stress exposure and the hippocampus after transient forebrain ischemia [25, 26] . Because TDAG51 is expressed in brain tissues at relatively high levels and is transiently regulated by intrinsic/extrinsic stimuli, such as injury, infection and stress, TDAG51 may play an important role in the brain. In our current study, an unacceptably high level of pup mortality and a deficit in maternal care during the early postnatal period were observed in the breeding cages of the TDAG51 -/-mice. Thus, based on our observations and previous studies, we hypothesize that TDAG51 deficiency may elicit depressive-like behavior and maternal care defects after parturition.
Previous studies have revealed that physiological changes occur in the levels of several neuroendocrine factors, including polypeptide hormones, gonadal steroids and hypothalamicpituitary-adrenal (HPA) axis hormones, as a result of genetic alterations or stress responses and that these changes are closely linked to postpartum depression and maternal behavior [1, [27] [28] [29] [30] [31] . In such studies, the functions and regulatory roles of neuroendocrine systems, such as the oxytocin (OXT)/OXT receptor (OXTR), estrogen/estrogen receptor 1 (ESR1), arginine vasopressin (AVP)/AVP receptor 1a (AVPR1A), corticotropin-releasing hormone (CRH)/ CRH receptor 1 (CRHR1) and the prolactin (PRL)/PRL receptor systems, in maternal behavior and depression have been elucidated [1, [32] [33] [34] [35] [36] . Changes in the levels of neurotransmitters or neurochemicals, including serotonin, epinephrine, norepinephrine, GABA and nitrous oxide, have also been implicated in depression and maternal behavior [1, 29] . Moreover, alterations in the levels of monoaminergic neurotransmitters, such as serotonin, dopamine and norepinephrine, as a result of single-nucleotide polymorphisms in the serotonin transporter, monoamine oxidase A, tryptophan hydroxylase (TPH) and catechol-O-methyltransferase have been evaluated to elucidate their contributions to the development of postpartum depression and anxiety [4, [12] [13] [14] [15] . Thus, given the pivotal importance of neuroendocrine systems and neurotransmitters in postpartum depression and maternal behavior, studying the possible links between postpartum depression and maternal behavior at the genetic level in response to alterations in the levels of single genes affecting the regulation of neuroendocrine systems or neurotransmitter levels is important [4, 37] . However, thus far, few studies have addressed this topic [1, 2, 4] , and the genetic factors contributing to postpartum depression and maternal behavior remain poorly understood.
In the current study, we examined whether TDAG51 deficiency is linked to the development of abnormal maternal and depressive-like behavior after parturition. We examined the survival rates of offspring in the breeding cages of TDAG51 -/-mice and investigated maternal, anxiety-like and depressive-like behaviors in TDAG51 -/-dams. Finally, we analyzed the transcriptional alterations in the regulators of neuroendocrine systems or neurotransmitter levels in the brain tissue of TDAG51 -/-dams. In this study, we demonstrated that TDAG51 -/-dams exhibited maternal care defects and enhanced susceptibility to depressive-like behavior after parturition.
Results

Survival of pups born to TDAG51 -/-dams is significantly reduced after parturition
TDAG51
-/-mice are healthy and have no gross developmental abnormalities [18] . However, we observed that the number of surviving pups in the home cages of the TDAG51 -/-dams was reduced on postnatal day 1 (P1) (Fig 1A) . The dead bodies of the newborn pups or their body parts resulting from the cannibalism of the dead pups by the TDAG51 -/-dams were scattered around the home cages, while the pups in the TDAG51 +/+ or TDAG51 +/-dam cages were well fostered ( Fig 1A) . The TDAG51 -/-dams did not exhibit parturition problems (F 2, 36 = 0.64, p = 0.54) (Fig 1B) and showed normal development in terms of the mammary glands and milk production (S1A Fig). In addition, the pups born to the TDAG51 -/-dams did not have postpartum suckling problems (S1B Fig). These results indicate that TDAG51 -/-dams may have a severe maternal care defect toward their pups after parturition.
To investigate this possibility, we analyzed the survival rate of the pups born to the TDAG51 -/-dams during the early postpartum period by a two-way analysis of variance (ANOVA) with repeated measures, followed by a post hoc analysis. On P0, the pup survival in the TDAG51 -/-dam cages did not differ from that in the TDAG51 +/+ (F 2, 27 = 378, p = 0.82) and TDAG51 +/-dam cages (F 2, 27 = 378, p = 0.97) (Fig 1C) . However, the survival rate of the pups in the TDAG51 -/-dam cages was decreased to 3.5±2.4% (F 2, 27 = 378, p<0.01) compared to that in the TDAG51 +/+ and TDAG51 +/-dam cages (98.0±2.0% and 95.5±2.9%, respectively) on P1, and no surviving pups were observed in the TDAG51 -/-dam cages on P2 (Fig 1C) . To further test the effect of the TDAG51 -/-dams on pup survival, we conducted a pup cross-fostering experiment between the home cages of the TDAG51 +/+ and TDAG51 -/-dams. To test the survival rate of the cross-fostered pups, the pups born to the TDAG51 -/-dams were immediately transferred to the nests of TDAG51 +/+ surrogate dams on P0, while the pups born to the TDAG51 +/+ dams were transferred to the nests of TDAG51 -/-surrogate dams as illustrated in Fig 1D ( (Fig 1E) . Taken together, these results suggest that TDAG51 deficiency elicits abnormal maternal care toward pups during the early postpartum period.
TDAG51 deficiency elicits abnormal maternal behavior after parturition
Subsequently, we investigated whether TDAG51 deficiency is associated with maternal behavior during the early postpartum period. In the nest building test, pregnant mice were given cotton nesting material on prenatal day 3 (-P3), and their nest building abilities during the prenatal, parturition and postnatal periods from -P2 to P2 were evaluated. We observed that the TDAG51 -/-mice had poorly organized nests, while the TDAG51 +/+ mice built nearly perfect nests (Fig 2A) . Then, we qualitatively ranked the nest building ability as nesting scores on a scale from 0-5 (5 being the best) as illustrated in Fig 2B. Based on the nesting scores, the two-way ANOVA with repeated measures revealed that the nest building ability of the TDAG51 -/-mice was significantly worse (F 1, 12 = 121, p<0.01) than that of the TDAG51 +/+ mice ( Fig 2C) . Moreover, the pups born to the TDAG51 -/-dams were scattered around the home cages on P0, resulting in a reduction in the percentage of gathered pups (~35.1% reduction), while the pups born to the TDAG51 +/+ dams were well gathered in the nest (t 12 = 7.2, p<0.01) (Fig 2D) . The results shown in Fig 2A-2D 
TDAG51 -/-dams have enhanced susceptibility to depressive-like behavior after parturition
To investigate whether TDAG51 deficiency affects the occurrence of depressive-like behavior after parturition, we performed depressive-like behavior tests, including the sucrose preference test (SPT), tail suspension test (TST) and forced swim test (FST), and an elevated plus-maze test (EPMT) was used to measure anxiety-like behavior. As illustrated in Fig 2G, in the SPT, the TDAG51 +/+ and TDAG51 -/-dams were adapted to 1% sucrose water for 24 h after parturition (P0) and then given 24-h access to a 1% sucrose solution and tap water on P1. The TDAG51 -/-dams exhibited a significantly lower (~13.0% reduction (F 3, 32 = 33.0, p<0.01)) sucrose preference than the TDAG51 +/+ dams on P2, while no difference was observed between the TDAG51 +/+ and TDAG51 -/-nonpregnant female mice ( Fig 2H) . As illustrated in Fig 2G , the following behavioral tests were conducted on P2 after the SPT in sequential order with a time interval of 4 h or 6 h for each behavioral test to minimize stress induced by the previous behavioral test as previously described [38, 39] : EPMT, TST and FST. During the TST, in [41] . However, we observed no gross morphological differences in the brain tissues between the TDAG51 +/+ and TDAG51 -/-dams ( Fig 3A) . Thus, we examined the expression of TDAG51 in the brain tissues. TDAG51 was abundantly expressed in most brain tissues, and high levels were observed in the neocortex and hippocampus relative to the other areas ( Fig 3B) . Moreover, TDAG51 expression in the pregnant mice was higher during the prenatal, parturition and postnatal days from -P2 to P2 compared to that in the nonpregnant female mice (Fig 3C) . Similar to the results shown in Fig 3B, we observed higher TDAG51 expression in the neocortex and hippocampus relative to that in the hypothalamus by in situ hybridization analysis (Fig 3D) . To examine the cell types expressing TDAG51 in the brain tissues, the brain tissues were stained with an anti-TDAG51 immunofluorescence antibody, a marker of neuronal cells (anti-NeuN antibody) and a marker of astrocytes and neoplastic cells of glial origin (anti-glial fibrillary acidic protein (GFAP) antibody). We observed that the enhanced TDAG51 expression in the neocortex, hippocampus and hypothalamus of the postpartum brain tissues (P0) compared to that in the nonpregnant female mice was mainly detected in neuronal cells (Fig 3E) . Taken together, these results indicate that the enhanced expression of TDAG51 in brain tissues during late pregnancy and the early postpartum period might be linked to the regulation of depressive-like behavior.
Effects of brain-specific expression of the TDAG51 transgene in TDAG51 -/-dams
To analyze whether TDAG51 deficiency in brain tissue causes maternal care defects and depressive-like behavior during the early postpartum period, we generated two transgenic founder mice through microinjections of a transgenic vector expressing the TDAG51 ) female mice or postpartum dams were subjected to 1% sucrose adaptation on P0 for 24 h. Then, 1% sucrose and water were supplied to the mice in their home cages on P1. An SPT was performed on P2; then, the mice were subjected to an EPMT, a TST and an FST in an orderly manner on P2. (H) SPT. Sucrose preference was measured for 24 h. (I) In the TST, the mobility time and immobility time over a 5-min period were analyzed. (J) In the FST, the swimming time and immobility time over a 5-min period were analyzed. (K) In the EPMT, the female mice were exposed to an elevated plus-maze, and the time spent in the open arms and the number of entries were determined over the 10-min test period.
� p<0.05. �� p<0.01. n.s., not significant.
https://doi.org/10.1371/journal.pgen.1008214.g002 We observed that the resulting pups were normally fostered by the TDAG51 -/-Tg2 dams (Fig 4A (left) ). Moreover, the survival rate of the pups that were born to the TDAG51 -/-Tg2 dams was restored to that observed among the TDAG51 +/+ dams ( Fig 4A (right) ). In the maternal behavior tests, the TDAG51 -/-Tg2 dams showed dramatically rescued maternal behavior compared to the TDAG51 -/-dams ( Fig 
Neuroendocrine dysregulation in TDAG51 -/-dams after parturition
Neuroendocrine dysregulation is closely associated with postpartum depression, anxiety and maternal behavior [1, 2, 43] . Research has shown that the neuropeptide OXT and the female hormone estrogen are implicated in maternal behavior and postpartum depression [35, 44, 45] . Thus, we examined the expression levels of OXT, OXTR and ESR1 in the brain tissues of TDAG51 +/+ , TDAG51 -/-and TDAG51 -/-Tg2 dams. The levels of OXT and OXTR in the brain tissues of the TDAG51 -/-dams were significantly lower on P0 than those in the TDAG51 +/+ and TDAG51 -/-Tg2 dams (p<0.01), whereas the OXT and OXTR levels were not altered in the TDAG51 -/-nonpregnant female mice (Fig 5A) . Consistent with these results, the levels of plasma OXT were significantly reduced in the TDAG51 -/-dams on P0 (p<0.01) (Fig 5B) .
However, the ESR1 expression levels in the brain tissues and the 17-β-estradiol levels in the plasma were not affected by the TDAG51 deficiency in either the nonpregnant or postpartum mice (Fig 5C and 5D ). Then, we further explored the differential expression of other neuroendocrine factors in the brain tissues of the TDAG51 -/-dams (Fig 5E-5K ). On P0, the expression levels of AVP, BDNF and prodynorphin (PDYN) in the brain tissues of the TDAG51 -/-dams were significantly lower than those in the TDAG51 +/+ (p<0.05) and TDAG51 -/-Tg2 dams (p<0.05), whereas there were no detectable changes in the expression levels of their receptors (Fig 5E-5G) . Moreover, the levels of neuropeptide Y (NPY) and its receptor NPYR and the levels of proenkephalin (PENK) and its receptor opioid receptor δ1 (OPRD1) were significantly decreased (p<0.01) in the brain tissue of the TDAG51 -/-dams (Fig 5H and 5I) Altogether, these results indicate that the expression of TDAG51 in the brain tissue after parturition is closely associated with the altered regulation of neuroendocrine factors and their receptors. cgi?acc=GSE118675). Subsequently, we analyzed these 2,374 genes using the IPA functional annotation clustering tool to examine their biological relationships according to Gene Ontology annotations. Among the genes categorized into 109 biologically categorized groups, 247 genes were categorized in the behavior and psychological disorder groups (the filter was set to p<0.05 after FDR correction). To further narrow the list of potential target genes, we selected 7 functional pathways of interest, including those related to aggressive behavior, maternal behavior, maternal nurturing, nest building behavior, anxiety, anxiety disorder and depressive disorder, from these two groups. In total, we obtained 70 potential target genes that were involved in 7 functional pathways ( Fig 6A and 6B) ; of these genes, 39 were downregulated (Table 1) , and 31 were upregulated (Table 2) in the TDAG51 -/-postpartum brain tissues compared to their levels in the TDAG51 +/+ and TDAG51 -/-Tg2 tissues.
Altered gene expression in the brain tissue of TDAG51 -/-dams after parturition
To further confirm the data obtained by the microarray and IPA analyses, we analyzed the changes in the expression levels of genes selected from Table 1 or Table 2 by quantitative realtime PCR analysis. Of the downregulated genes shown in Table 1 , the expression levels of adenosine A2a receptor (ADORA2A), cholecystokinin (CCK), cholinergic receptor muscarinic 1 (CHRM1), dopamine receptor D1 (DRD1), homer scaffolding protein 1 (HOMER1), MAPK1, nuclear receptor subfamily 3 group E member 1 (NR2E1), RASD family member 2 (RASD2), solute carrier family 17 member 7 (SLC17A7) and urocortin 3 (UCN3) in the brain tissues of the TDAG51 -/-dams were significantly lower (p<0.05 or p<0.01) than those in the TDAG51 +/+ or TDAG51 -/-Tg2 dams (Fig 6C) . However, of the upregulated genes shown in Table 1 . Node color intensity indicates the degree of the downregulation of gene expression as follows: a greater intensity of green represents a higher degree of downregulation. Inverted triangle, kinase; dotted square, growth factor; vertical rectangle, G-protein coupled receptor; dotted vertical rectangle, ion channel; horizontal rectangle, SLC6A2, SLC6A4 and TPH2 in the brain tissues of the TDAG51 -/-dams were significantly higher (p<0.05 or p<0.01) than those in the TDAG51 +/+ and TDAG51 -/-Tg2 dams (Fig 6D) .
Corresponding to the results shown in Fig 6C and 6D , similar results were obtained in the brain tissue of the transgenic TDAG51 -/-Tg3 dams (S5 Fig). Altogether, these results indicate that TDAG51 acts as a global regulator by promoting or repressing the expression of regulatory pathways involved in maternal behavior, anxiety and depression.
Discussion
Many studies elucidating the role of TDAG51 have been published; however, these studies have only examined its roles in the regulation of cell growth/differentiation, cell survival/death and tumorigenesis [46] . In our present study, we provide new insight into the function of TDAG51 in the development of depressive-like and abnormal maternal behavior. Our results show that TDAG51 deficiency is closely associated with reduced maternal care and enhanced susceptibility to depressive-like behavior after parturition. Interestingly, most phenotypic features are similar to and overlap with the characteristics of postpartum psychiatric illness in human patients [2, 4] . Postpartum psychiatric disorder, which is also known as postpartum depression, is a severe emotional and mental disease that can affect women typically after parturition [47] . Postpartum blues or baby blues represent the mildest type, resulting in a depressed mood experienced shortly after parturition. However, postpartum depression and postpartum psychosis have clinically significant symptoms, including severely depressed mood, insomnia, anhedonia, anxiety, self-injury, and increased risks of suicide, infant abuse and infanticide [48] . Thus, the phenotype of the TDAG51 -/-dams exhibiting maternal care defects and anxiety-like and depressive-like behaviors after parturition is more closely related to postpartum depression and postpartum psychosis than postpartum blues. Failure to regulate neuroendocrine factors, including neurotrophic factors, neuroendocrine hormones and neurotransmitters, is closely related to the development of postpartum depression and abnormal maternal behavior [1, 2, 4, 28, 29] . OXT, which was originally known to stimulate labor and milk ejection during female reproduction, is a neuropeptide hormone that plays roles in maternal care, social recognition, stress regulation, mood and anxiety [49, 50] . Although the precise mechanisms of OXT's effects in HPA modulation are not well defined, OXT has clinically been shown to facilitate improved social communication, reduced anxiety and anti-depressive effects [51] . Furthermore, the reduced level of OXT observed during pregnancy and parturition is closely associated with the development of postpartum depression [52] . Almost concurrent with OXT, the neuropeptide AVP has been implicated in the regulation of maternal behavior [53] . In particular, studies investigating the role of brain AVP in maternal behavior have focused more on its role in maternal aggression in defeating intruders [1] . The neuropeptide BDNF is critical for brain neurogenesis, including neuron survival, axon growth and synaptic plasticity [4] . Interestingly, the loss of BDNF in mice is associated with brain monoamine deficiencies and an increased appearance of stress-induced depressivelike behavior [4, 54] . In human patients, the reduced levels of BDNF in response to proinflammatory cytokines, psychological stress and cortisol stimulation have been reported to ligand-dependent nuclear receptor; vertical diamond, enzyme; trapezoid, transporter; horizontal ellipse, transcription regulator; circle, other. (B) Prediction of the functional networks of the 31 upregulated genes listed in Table 2 . Node color intensity indicates the degree of the upregulation of gene expression as follows: a greater intensity of red represents a higher degree of upregulation. (C) Real-time PCR analysis of downregulated genes selected from the list shown in Table 1 contribute to the development of depression [4, 55] . Furthermore, the loss of neuropeptides, such as NPY, PDYN and PENK, has also been associated with enhanced susceptibility to anxiety-like and depressive-like behavior in mice [56] [57] [58] . Interestingly and coincidently with these previous reports, we show that the gene expression levels of certain neuroendocrine factors, such as OXT, AVP, BDNF, PDYN, NPY and PENK, were significantly reduced in the postpartum brain tissues of the TDAG51 -/-dams (Fig 5) . Many lines of evidence suggest that PRL plays a protective role in anxiety-like, depressive-like and maternal behavior, although the precise role of PRL remains controversial [33, [59] [60] [61] . According to the Allen Brain Atlas (http://mouse.brain-map.org/experiment/show/75861792) and other reports [62, 63] , there is no significant expression of the PRL gene in the mouse brain, whereas PRLR expression is detected throughout the brain. There is also evidence suggesting that brain PRL is induced or acts under certain specific conditions, such as brain development and in response to brain injury or local inflammation [62] . Interestingly, we showed that PRL expression in the brain tissues of the TDAG51 -/-dams was upregulated at relatively high levels compared that in the TDAG51 +/+ dams (Fig 5J) . However, thus far, our data do not support the hypothesis that the relative PRL expression in the brain of the TDAG51 -/-dams is correlated to the physiologic level of brain PRL because we did not directly examine the levels of brain PRL in the cerebrospinal fluids or brain tissues of the TDAG51 -/-dams in our current study. Thus, our interest focuses on how the enhanced PRL levels in the brain tissues are involved in the behavioral defects in the TDAG51 -/-dams and how PRL expression is regulated in the brain tissues by TDAG51 deficiency. Further studies are required to elucidate these ideas. In our microarray analysis, we further identified that the gene expression levels of the monoamine neurotransmitter receptor, transporter and regulator significantly differed in the postpartum brain tissues between the TDAG51 -/-dams and the controls (Fig 6 , Table 1 and Table 2 ). Interestingly, decreased expression levels of ADORA2A, CHRM1, DRD1, and SLC17A7 and increased expression levels of DAO, GABRA6, GRIK1, SLC1A6, SLC6A2, SLC6A4 and TPH2 were observed (Fig 6 and S5 Fig) . Many genetic and clinical studies strongly support the role of monoamine neurotransmitters in maternal behavior [1] . Furthermore, depression is closely associated with low levels of monoamine neurotransmitters, particularly dopamine, serotonin, epinephrine and norepinephrine [29] . Thus, we hypothesize that TDAG51 expression induced in brain tissue by pregnancy and parturition stress is a crucial regulator controlling the levels of neuroendocrine factors and monoamine neurotransmitters that may regulate the development of abnormal maternal behavior and postpartum depression. TDAG51 is considered a putative transcriptional regulator and has an N-terminal PHL domain and C-terminal PQ-and PH-repeat domains, but no DNA-binding domain [46] . The PHL domain, which is evolutionarily conserved, is required for various cellular processes, including cell survival, differentiation and tumor progression [17, 21, 46] . The C-terminal region of TDAG51, which contains both a PQ-and a PH-repeat domain, is considered a putative transcriptional activator [17, 46] . Human and mouse TDAG51 share an 89% amino acid sequence identity and have conserved PHL, PQ-repeat and PH-repeat domains [17] . However, in the GenBank database, TDAG51 orthologs were found only in vertebrates, including a wide range of mammalian species, and were not found in plants, invertebrates, lower eukaryotes or bacteria ( S6 Fig). Interestingly, based on a comparative sequence analysis of TDAG51 orthologs in vertebrates, we observed that the PQ-and PH-repeat domains were found only in mammalian species, such as humans, chimpanzees, cows and rodents, and were not found in other vertebrates, such as zebrafish and frogs ( S6 Fig). Thus, it is possible that the PQ-and PHrepeat domains in TDAG51 may play a particularly crucial role in regulating transcription in mammalian species but not nonmammalian vertebrates. Considering the potential for transcriptional regulation in mammalian species, we postulate that TDAG51 is a crucial regulator of the levels of neuroendocrine factors and monoamine neurotransmitters in mammalian brain tissues, which may explain the mechanism by which TDAG51 affects maternal behavior and postpartum depression.
In conclusion, in this study, we discovered a novel function of TDAG51 in the regulation of maternal behavior and postpartum depression and demonstrated that TDAG51 deficiency induces depressive-like and abnormal maternal behaviors after parturition. Our results also show that the loss of TDAG51 in postpartum brain tissues induces changes in the expression levels of various maternal, anxiety-like and depressive-like behavior-associated genes that regulate the levels of neuroendocrine factors and monoamine neurotransmitters. Thus, these findings suggest that TDAG51 acts as a maternal care-associated gene that may be involved in the development of abnormal maternal behavior and postpartum depression.
Materials and methods
Ethics statement
All animal care and use procedures were conducted in accordance with the guidelines of The Ethics Training Guidelines for Experiments on Animals of CNU Animal Research Center. All animal experiments were approved by the Animal Experiment Ethics Committee of Chungnam National University (approval No. CNU-00114, 00584 and 01025).
Mice
The C57BL/6J mice were obtained from the Laboratory Animal Resource Center in KRIBB (Ochang, Korea). The TDAG51 -/-mice were produced as previously described [18] . The mice were housed 5 per cage in a room maintained at 22±3˚C under a 12 h light-dark cycle (lights on at 8:00 a.m.) with ad libitum access to food and water. All behavioral tests were performed between 9:00 a.m. and 6:00 p.m. using 8-to 12-week-old mice maintained in a pathogen-free facility at Chungnam National University (Daejeon, Korea), and the number of mice used is shown in S2 Table. The mice were allowed to adept to the testing environment for at least 1 h prior to the start of the behavioral tests. To generate transgenic mice with the brain-specific expression of TDAG51 (TDAG51 Tg ), the murine TDAG51 gene was cloned into a pBAI1-AP4 vector harboring the brain-specific promoter of the angiogenesis inhibitor 1-associated protein 4 gene as previously described [42] . The TDAG51 Tg mice were generated by the transgenic facility of KAIST (Daejeon, Korea). The TDAG51 Tg lines were identified by PCR genotyping using the following primers: T51tg-F, 5'-ATG CTG GAG AAC AGC GGC TGC-3' and T51tg-R: 5'-GGT ATG GCT GAT TAT GAT C-3'. The TDAG51 Tg lines were backcrossed to C57BL/6J mice for at least 5 generations. To obtain TDAG51Tg mice on a TDAG51 -/-genetic background (TDAG51-/-Tg), TDAG51Tg female mice were crossed with TDAG51 -/-male mice.
Pup survival
Female mice showing vaginal plugs were individually separated. The survival rate of the newborn pups was recorded from parturition day (P0) to postnatal day 2 (P2). A pup crossfostering test was performed as previously described [64] . Briefly, pregnant female mice were individually housed in separate cages. On P0, the pups born to the TDAG51 +/+ and TDAG51 -/-dams were separated from their dams, wiped clean with water-soaked cotton tissues, and dipped in litter containing the urine and feces of their surrogate dam. The newborn pups born to the TDAG51 +/+ dams or TDAG51 -/-dams were immediately exchanged to TDAG51 -/-surrogate dams or TDAG51 +/+ surrogate dams, respectively, on P0. The survival rate of the pups placed with surrogate dams was measured on P2. To test the effect of the male mating partners on the pup survival, the survival rate of the pups born to the TDAG51 -/-dams in the presence of TDAG51 -/-or TDAG51 +/+ male mating partners in foster cages was analyzed from P0 to P2.
Maternal behavior tests
A nesting behavior test was performed as previously described [65] . Briefly, pregnant female mice were individually separated from their male mating partners. The mice were given nesting material made from cotton fibers on prenatal day 3 (-P3). Photographs of the nest building were taken from -P2 to P2. Then, the nesting scores (0-5) were measured according to the extent of the nest based on nesting standards (5, very well-nested; 4, well-nested; 3, nested; 2, slightly scattered; 1, scattered; or 0, no nest). The percentage of pups gathered in the nest among the total newborn pups was measured on P0. Pup retrieval was analyzed as previously described [66] . Briefly, each dam was left alone for 5 min in the home cage prior to the pup retrieval test, and then, the newborn pups were placed in the home cage on the opposite side from the nest. The number of pups retrieved to the nesting zone, the latency to retrieve each pup and the dam's nursing time were measured by video-monitoring for 10 min.
Depressive-and anxiety-like behavior tests
The SPT was performed as previously described [64, 67] . Briefly, each pregnant mouse was housed individually in the home cage on -P3. After parturition (P0), the pups were removed from the home cages, and the dams were adapted to a 1% sucrose solution for 24 h. Then, the positions of the water and 1% sucrose bottles were changed before the test on P1, and the consumption of water or 1% sucrose solution was measured for 24 h. The sucrose preference of the nonpregnant female mice was measured using the same methods. The results are expressed as percent intake (sucrose intake (g)/total liquid intake (g) x 100). After the SPT, the behavior tests were conducted on P2 in sequential order, i.e., EPMT, TST and FST, with a time interval for 4 h or 6 h for each behavioral test to minimize stress induced by the previous behavioral test as previously described [38, 39] . The EPMT was performed as previously described [66] . Briefly, each female mouse was placed in the center area of the maze with its head directed toward an open arm and allowed to move freely throughout the maze for 10 min; their behavior was video-recorded. The number of entries into the open arm and the percent of time spent in the open arm were analyzed. After the EPMT, the mice were allowed to rest for 4 h in their home cages before the following behavioral test. The TST was performed as previously described [67, 68] . Briefly, each female mouse was individually suspended by taping the tail to a vertical bar 15 cm above the floor for 5 min, and the behavior was video-recorded. All behavioral experiment records were analyzed blindly. After the TST, the mice were allowed to rest for 6 h in their home cages before the following behavioral test. The FST was performed as previously described [64, 67] . Briefly, the female mice were individually placed in an acrylic round transparent cylinder (29 cm diameter) filled with 25±2˚C water to a depth of 15 cm, and the behavior was video-recorded for 5 min. Immobility was defined as floating motionless or making only movements necessary to keep the head above water. After 5 min, the mice were placed in a cage with clean paper bedding and dried. The water was cleaned and replaced at the beginning of each trial.
Real-time PCR and ELISA
The real-time PCR analysis was performed as previously described [69, 70] . Briefly, whole brains obtained from female mice on P0 were placed in TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and lysed using a homogenizer (Daihan Scientific, Seoul, Korea) at 15,000 × g for 15 s on ice. The total RNA was obtained using a TRIzol kit according to the manufacturer's instructions. To quantify gene expression, real-time PCR was used as previously described [71] . Reverse transcription was performed using 2 μg of total brain RNA and M-MLV reverse transcriptase (USB, Cleveland, OH, USA); then, the cDNAs were subjected to a real-time PCR analysis with the appropriate primers (S2 Table) and IQ SYBR Green Supermix (Bio-Rad, Hercules, CA, USA) using a CFX Connect Real-time PCR Detection System (Bio-Rad). β-Actin was used as an internal normalization control. The relative mRNA level was analyzed using the 2-ΔΔ threshold cycle (ΔΔCT) method as previously described [72] . Briefly, the ΔCT value was calculated by the following equation: (CT (target gene) -CT (β-actin) ). The ΔΔCT value was calculated by the following equation: (ΔCT (each sample) -ΔCT (nonpregnant wild-type female) ). An ELISA was performed as previously described [73] . Briefly, sera were collected from the mice, centrifuged, and subjected to ELISA. The serum levels of OXT and 17-β-estradiol were measured using an ELISA reader (Bio-Rad) at 405 nm using OXT and 17-β-estradiol assay kits (Enzo Life Science, Farmingdale, NY, USA) following the manufacturer's instructions.
Microarray and gene network analyses
To compare the transcripts in the postpartum brain tissues between the TDAG51 -/-dams and TDAG51 +/+ dams and between the TDAG51 -/-dams and TDAG51 -/-Tg2 dams, cDNAs derived from whole brain tissues obtained on P0 were tested against a Whole Mouse Genome 4×44k Microarray kit (Agilent Biotechnologies, Santa Clara, CA, USA) according to the manufacturer's instructions. To define the differentially expressed genes, the significance cut-offs for the ratios of TDAG51 -/-vs. TDAG51 +/+ and TDAG51 -/-vs. TDAG51 -/-Tg2 genes were set at a 2.0-fold change as previously described [74] . To assess the biological functions and relationships among the differentially expressed genes, a data set of 2-fold differentially expressed genes was analyzed using the core analysis program of the Ingenuity Pathway Analysis (IPA) tool (Ingenuity System, Redwood City, CA, USA) as previously described [75] . Based on the results of the core analysis, possible candidate genes were obtained from the categorized genes in the behavior and psychological disorders groups (the filter was set to p<0.05 after FDR correction). To further analyze the gene functions and biological relationships, candidate genes were obtained from the subcategorized genes in the following 7 functional pathways: aggressive behavior, anxiety, anxiety disorder, depressive disorder, maternal behavior, maternal nurturing and nest building behavior. The selected candidate genes were analyzed by the gene network analysis program of the IPA tool. To validate the microarray expression profile, the gene expression levels of the possible candidate genes in the brain tissues were subsequently analyzed by real-time PCR.
Immunocytochemistry
The histological analysis and immunohistochemistry were performed as previously described [76, 77] . Briefly, female mice were perfused through the left cardiac ventricle with PBS, followed by 10% formalin under anesthesia. The brains were embedded in paraffin prior to a 48-h postfixation in 10% formalin. The paraffin blocks were sectioned at 3 μm, mounted onto glass slides, and stained with hematoxylin. For the immunofluorescence analysis, immunofluorescence was performed as previously described [78] . The antigen-retrieved slides were incubated in blocking buffer for 1 h at 25˚C and treated with an anti-TDAG51 phycoerythrin (PE)-conjugated antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA), an anti-glial fibrillary acidic protein (GFAP, a marker of astrocytes and neoplastic cells of glial origin) Alexa Fluor 488-conjugated antibody (Santa Cruz Biotechnology) and anti-NeuN (a neuron-specific nuclear protein) Alexa Fluor 405-conjugated antibody (Novus Biological, Littleton, CO, USA) at 1:100 dilutions in blocking buffer for 16 h at 4˚C. Finally, the stained slides were analyzed under an Olympus BX61 microscope (Olympus, Tokyo, Japan).
Western blot analysis
The total brain tissue protein was harvested as previously described [79] . The brain samples were homogenized in lysis buffer (25 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1 mM NaF, 1 mM sodium orthovanadate, 1 mM phenylmethylsulfonyl fluoride, 5% glycerol and 0.5% Triton X-100) at 14,000 × g for 15 s on ice. Then, the lysates were separated by centrifugation at 18,000 × g for 10 min at 4˚C. The supernatants were analyzed using 10% SDS-PAGE, transferred to polyvinylidene difluoride membranes and immunoblotted with anti-β-actin or anti-TDAG51 antibodies (Santa Cruz Biotechnology).
In situ hybridization
In situ hybridization was performed as previously described [80] . To generate the RNA probe, cDNAs were subcloned into a pGEM-T vector (Promega, Madison, WI, USA). RNA probes labeled by digoxigenin (DIG) were prepared using a DIG RNA labeling kit (Roche, Mannheim, Germany) following the manufacturer's instructions. The DIG-labeled RNA probes were diluted 1:100 with in situ hybridization buffer (Sigma, St. Louis, MO, USA), and the slides were incubated in a humidified chamber for 16 h at 60˚C. The detection was conducted using a DIG nucleic acid detection kit (Roche) following the manufacturer's instructions.
Statistical analysis
All data are expressed as the means±standard errors of the mean (S.E.M.), and the statistical analysis was conducted using SPSS v.24.0 software (IBM Corp., Armonk, NY, USA). Statistical significance was analyzed using a two-tailed Student t-test, one-way ANOVA and two-way ANOVA with repeated measures, followed by a post hoc Fisher test. The effects were considered significant at p<0.05. -/-dams after parturition. Total RNA isolated from brain tissues was analyzed by real-time PCR using specific primers (Table S2) (A) Real-time PCR analysis of downregulated genes selected from the list shown in Table 1 . Total RNA isolated from brain tissues was analyzed by real-time PCR using specific primers (Table S2) Table 2 . 
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